The functional/morphological changes observed in rat aorta allografts were compared with those seen in the arteries of rat kidney allografts.
Introduction
Chronic graft arteriosclerosis (CGA), consisting of a progressing, obliterative, intimal hyperplasia, is currently the leading cause of late allograft failure. The etiology of this disorder in vascularized organ allografts remains uncertain but it is generally conceived as a multifactorial disease involving immunological and nonimmunological risk factors (1) .
Transplantation (Tx) models in the rat using large vessels such the aorta have been described as tools to study the development of vascular lesions mimicking CGA, as similar histopathological changes such as neointima hyperplasia develop within weeks after Tx (2) (3) (4) . As in such models histological assessment is limited in its ability to provide quantitative data, or to identify physiological events that may be relevant for the understanding of CGA processes, we have previously developed an ex-vivo assay to monitor post-Tx changes in the graft vasculature function of rat abdominal aorta transplants (5, 6) . We have demonstrated that functional endothelial cells (ECs) and smooth muscle cells (SMCs) of rat aortic allografts are lost before any manifestation of intimal proliferation, suggesting an acute rejection of the vascular wall preceding the development of CGA (5, 6) . However, it remains controversial as to what extent the vascular changes seen in aortic allografts represent those that develop in solid-organ transplants. Recent evidence suggests that small numbers of donor-derived hematopoietic cells, such as the donor-derived passenger leukocytes transferred by a cardiac allograft, may have an important immuno-modulatory effect in the early postoperative period of organ transplantation (7) . One concern with regard to aortic allografts as a model for transplant arteriosclerosis has been the fact that a single-vessel graft may not provide either sufficient donor-derived hematopoietic cells or total amount of donor alloantigen to induce an immuno-modulatory activity, and therefore vascular changes seen in this model may not be representative for the CGA seen in parenchymal organs such as cardiac or kidney allografts. Hence, the present study was undertaken in order to assess whether the events occurring in rat aorta allografts mirror those of solid organ graft vessels. To this end, the functional and morphological consequences of Tx in renal artery of longterm kidney allografts (F344-to-LEW strain combination) were analyzed at various time intervals after Tx, and compared with the changes seen in rat aorta allografts using the same strain combinations. Results show that in contrast to aorta allografts, renal arteries of kidney allografts do not demonstrate pronounced cellular infiltration and medial necrosis, and preserve their vascular smooth muscle constriction while developing CGA. In addition, they maintain approximately 20% of their EC-dependent relaxation, although the loss of EC function develops with a similar rate as in aorta allografts. It can then be concluded that the events occurring in rat aorta allografts do not mirror those taking place in rat solid organ graft vessels. Part of these results was pre- 
Materials and Methods
Rats from inbred strains F344 (RT1 l ) and LEW (RT l ) were purchased from Harlan, Zeist, the Netherlands. Rats weighing between 250 and 300 g were used. They were allowed unrestricted access to food and water before and after surgery. All rats were maintained in a colony room with fixed dark/light cycles and constant humidity and temperature. Handling, care and experimentation were performed in line with the Swiss federal law for animal protection.
For aorta or kidney Tx, recipient rats (250-300 g) were anesthetized by inhalation with a mixture of N 2 O/O 2 (70%/30%) combined with isoflurane (3.5-5% for induction and 1.5-3% for maintenance), and then placed on a thermoregulated blanket to keep rectal temperature at 37 • C.
Aorta Tx
Recipient rats were orthotopically transplanted with a 1-cm long segment of allogeneic abdominal aorta using end-to-end sutures as previously described (8) . In total, 20 aorta Tx were performed. Cold (4 • C) preservation in saline before Tx was always 10 min and the surgery time, during which the grafts were exposed to body temperature, did not exceed 30 min.
Kidney Tx
Donor kidneys were preserved at 4
• C for 24 h in University of Wisconsin solution. This was introduced to standardize the model in terms of cold ischemia time and ease the surgical operations with one single surgeon. Kidney allografts were transplanted orthotopically to the left renal vessels and the left ureter of the host by end-to-end anastomosis. For all grafts, the anastomosis time was <30 min, during which grafts were covered with ice. The right kidney was removed immediately after graft implantation. In total, 30 kidney Tx were performed. Recipients showing obvious signs of distress (severe loss in body weight, marked weakness) owing to renal graft failure were immediately terminated.
In vivo monitoring of kidney graft function
All kidney allografts were monitored longitudinally for changes in glomerular filtration rate (GFR 
Ex vivo monitoring of vessel allografts function
Aorta and kidney allografts were collected at various timepoints following euthanasia of recipients by CO 2 inhalation. Aorta allografts were collected at weeks 1, 2, 4, and 8 post-Tx (n = 5 each), cleaned from connective tissue, cut into rings (2-3 mm in length) and mounted in a standard myograph with a 10-mL organ bath chamber (Hugo Sachs Elektronik, Germany) for functional assays.
Kidney allografts were collected at weeks 2, 4, 8, 16, 22, or 33 post-Tx (n = 3-5 each), together with their main renal arterial branches. From these renal arteries, segments of 1.5-2 mm in length were excised between the anastomoses and the first bifurcation. These segments were mounted in a Mulvany-Halpern myograph immersed in 5 mL of organ bath chamber (EMKA, Paris, France), a convenient system for the assessment of smallcaliber vessel functioning (10).
Artery rings were suspended between two tungsten holders (200 lm O / for aortas; 80 lm O / for renal arteries) and were immersed in Krebs buffer (pH = 7.4) of the following composition (mmol/L): NaCl, 119; KCl, 4.7; CaCl2, 1.25; MgSO4, 1.17; KH2PO4, 1.18; NaHCO3, 25; and glucose, 11, maintained at 37
• C and continuously bubbled with 95% O 2 -5% CO 2 mixture. Resting tension applied to aorta and renal arteries was 500 and 200 mg, respectively. Change in the vascular wall tension was measured with isometric transducers coupled to channel chart recorders.
After being washed three times for 30 min, vessels were sensitised with Phe (10 lm). Preparations were washed again three times before testing the maximal vascular smooth muscle constriction in response to Phe (30 lm). When the constriction reached the steady state, acetylcholine (Ach, 10 lm) was added to the bath in order to assess the EC-dependent vasorelaxation. It was previously shown that, at the concentrations used, the effects of Phe and Ach correspond to their maximal effect (Emax) (5,6).
Histology
Segments were collected from each vessel allograft and fixed in 4% phosphate-buffered formalin for at least 24 h. Parts of each kidney allograft were also collected (half longitudinal sections) and kept in 4% phosphatebuffered formalin for 48 h. Tissue preparations were then embedded in paraffin wax by conventional methods. Aorta preparations were cut longitudinally in order to discriminate between intimal hyperplasia occurring in their center from that adjacent to the anastomoses (6). Renal artery preparations were cut transversally in their center (at least taken 5 mm away from the anastomoses) because suitable longitudinal sections were difficult to obtain with small-caliber vessels. Kidney preparations were cut longitudinally (3 lm thick; 4 sections per graft). Tissue sections were coded, processed for Hematoxylin and Eosin or Verhoeff staining and examined in a blind fashion for signs of graft vasculopathy (i.e. thickening of the intima). For each kidney allograft, the number of intrarenal arteries presenting thickening of the intima associated with disruption in the elastica lamina was counted.
Data analysis
Glomerular filtration rate, estimated from Pcrea clearance, was corrected for BW changes and expressed as ml/h/100 g BW.
Vasoconstrictor responses were expressed as gram of tension changes from resting levels. Vasorelaxation was expressed as percentage decrease from the preconstriction level of each preparation. All results are means ± SEM of n independent observations. Analysis of variance (ANOVA), followed by the Fisher LSD method for pairwise multiple comparison, was performed (SigmaStat ® -2.0, SPSS Inc, Chicago, IL, USA) and a p-value ≤ 0.05 was considered as statistically significant.
Results

Changes in kidney graft function
Preliminary experiments showed that, in syngeneic (LEW-to-LEW) kidney grafts, GFR was reduced to 12-15 mL/h/100 g BW during the first 2-3 days post-Tx. Within 2 weeks post-Tx, GFR recovered and stabilized at approximately 30-35 mL/h/100 g BW up to week 36 post-Tx (not illustrated).
In kidney allografts, GFR was reduced to approximately 6 mL/h/100 g BW during the first 2-3 days post-Tx, recovered within 2 weeks to approximately 26 mL/h/100 g BW, and remained stable up to 8 weeks post-Tx ( Out of a total of 30 kidney allografts used in this study, only two (i.e. 7%) were acutely rejected at weeks 12 and 16 post-Tx. At these times, their GFR ranged between 3 and 5 mL/100 g BW.
Functional changes in aorta allografts and in main artery of kidney allografts
In Figure 2 typical traces of the functional changes seen in response to Phe and Ach in isolated aorta allografts and renal arteries of kidney allografts are illustrated as compared with the reactivity of their respective native controls. The mean changes observed in the two types of allografts are presented in Figure 3 .
Aorta allografts
In native aortae, the maximal vasoconstriction (Emax) to Phe (10 lM) was approximately 1.75 g (Figures 2A  and 3A ) and Ach (10 lM) induced a 60% vasorelaxation (Figures 2A and 3B ). In comparison, the Emax of Phe in aorta allografts was significantly reduced by approximately 30% as early as week 2 post-Tx ( Figure 3A ) and completely abolished by week 4 ( Figures 2C and 3A) . Also, the Emax of Ach was reduced by 50% already at week 1 post-Tx ( Figure 3B ) and completely abolished within 2 weeks postTx ( Figures 2B and 3B ). At later time points up to 8 weeks, the effect of Ach could not be assessed as the aorta allografts could not be preconstricted anymore ( Figures 2C  and 3A ).
Main artery of renal allografts
In native renal arteries, the Emax of Phe was approximately 1.25 g (Figures 2D and 3A) and Ach induced 65% vasorelaxation ( Figures 2D and 3B ). and 3A). This allowed the assessment of Ach-induced relaxation until the end of the study. It appeared that, as compared with native controls, the relaxing effect of Ach was markedly reduced by approximately 70% (p < 0.05) already at week 2 post-Tx ( Figures 2E and 3B ) and remained so up to 33 weeks post-Tx ( Figures 2F  and 3B ).
Morphological changes in aorta allografts and main artery of kidney allografts
As previously reported (11), the histological changes in rat aorta allografts consisted in a rapid (within 3 weeks) and severe adventitial infiltration of inflammatory cells expanding into the media by week 4 post-Tx. A marked medial necrosis associated with signs of neointima formation was observed at week 4. At week 8 post-Tx, medial necrosis and neointima formation were both severe. Representative examples are illustrated in Figure 4 .
In the main renal arteries of kidney allografts, cellular infiltration in the adventitia was observed at 2 weeks post-Tx and progressively declined from week 8 to week 33 postTx. At week 2 post-Tx, few adhering inflammatory cells were detected on the intimal side of the arteries, and this increased by week 8 up to week 33. In contrast to the aorta, no obvious sign of medial necrosis and of significant intimal hyperplasia was detected before 33 weeks post-Tx ( Figure 5 ). At that time, intimal hyperplasia was limited to 10-20% of the internal circumference.
Morphological changes in the intrarenal arteries of kidney allografts
Representative examples of the vascular lesions observed are shown in Figure 6 . At 8 weeks post-Tx, only 10% of resistance arteries in each kidney allografts showed signs of vasculopathy associated with disruptions of the elastica lamina and slight adventitial/medial cellular infiltration. This number progressed to 30% at 16 weeks and to 40% at 33 weeks post-Tx. Although thorough morphometric analysis was not performed, the level of intimal hyperplasia in the affected vessels appeared similar at all timepoints post-Tx and involved less than 25% of the internal circumference.
Discussion
The histopathological changes occurring in the vascular wall of rat aorta allografts in response to allogeneic stimuli have been well described and include substantial adventitial and medial inflammation, medial necrosis, elastica lamina destruction and intimal hyperplasia within 6-8 weeks after Tx (12, 13) . In addition, we recently reported that while the rat aortic allografts fully preserved their main function of blood conductance, they completely lose their functional EC and SMCs within 2-3 weeks, indicating an acute vascular rejection preceding graft vascular remodelling (5, 6, 11) . To what extent these functional/histopathological changes mirror those that may develop in solid-organ transplants remains to be established. The present study was undertaken in order to compare the functional and histopathological changes occurring in an aorta-Tx model (F344-to-LEW) with those occurring in arteries of longsurviving kidney allografts of the same strain combination. This weak strain combination presenting only minor MHC mismatch was shown to allow, in the absence or presence of immunosuppression, not only the development of neointima formation in aorta allografts (11) but also the long-term survival of heart or kidney allografts with the development of CGA hallmarks (14) (15) (16) (17) .
Results of the present study show marked differences between aorta allografts and arteries of kidney allografts with respect to their responses to alloTx. First, the . In (A) and (B), the resistance artery shown is free from intima thickening and disruption of elastica lamina. In (C) and (D), intimal thickening is marked and is estimated to reduce the lumen size by approximately 25%. Also, several disruptions of the elastica lamina can be seen. development of obliterative lesions in the arteries of kidney allografts is markedly delayed as compared with the remodelling processes seen in aorta allografts. Indeed, whereas substantial intimal hyperplasia develops within 8 weeks in aorta allografts, it is less prominent up to 33 weeks in the main renal artery of kidney allografts. Furthermore, approximately 90% of resistance arteries of kidney allografts do not show any sign of CGA lesions up to 8 weeks post-Tx and 60% of them remain free of CGA at 33 weeks post-Tx. Second, in contrast to aorta allografts, the main renal arteries of kidney allografts did not demonstrate, up to 33 weeks post-Tx, evidence of severe acute vascular rejection, i.e. marked adventitial/medial cellular infiltration, elastica lamina destruction and medial necrosis. Third, although in both types of allografts the EC function rapidly deteriorated within 2 weeks, the SMC function was preserved until week 33 post-Tx in renal arteries of kidney allografts, contrasting with the rapid loss of functional SMCs of aorta allografts.
Taken together, these data demonstrate that the functional and morphological changes occurring in rat aorta allografts do not reflect the events occurring in solid organ graft vessels such as renal arteries. The long preservation of vascular structures in the main renal artery as well as in the intrarenal arteries may explain why, in the present study, the function of those kidney allografts, as measured by GFR changes, was maintained up to approximately 22 weeks post-Tx.
Many concerns can be raised with respect to the relevance of rat aortic allografts as models of CGA, as seen in vessels of human organ transplants. One issue concerns the fact that the severe elastica lamina destruction, medial SMC necrosis and prominent cellular inflammatory response seen in rat aortic allografts are unlikely to be observed in chronically rejecting human explants or autopsy specimens (18) (19) (20) . Another point of concern is the fact that vessels of human solid organ grafts developing morphological evidences of CGA still have functional vascular SMCs able to dilate or constrict in response to pharmacological agents (21, 22) , whereas rat aorta allografts become rapidly nonfunctional vessel conduits far before any CGA formation (5, 6, 11) . These observations, together with the present study demonstrating that the main renal artery, and most probably a major part of intrarenal arteries of kidney allografts as well, preserve their muscular function up to 33 weeks post-Tx, when intimal thickening becomes apparent and grafts start failing, suggest that arteries of rat kidney allografts could be considered as a more relevant model than rat aorta allografts to study the pathophysiology of CGA.
The reasons why the vascular SMCs of rat aortic allografts do not behave similarly to those of renal artery of rat kidney allografts post-Tx remains to be elucidated. At least two main hypotheses can be drawn from the literature. On the one hand, it may reflect the high degree of phenotypic heterogeneity that is seen within the vascular SMCs in different segments of the arterial tree (23) . For example, phenotypic differences between vascular SMCs were proposed to explain why a greater incidence of arteriosclerotic plaque was seen in dog abdominal vs. thoracic aorta homografts (24) . Complementary experiments are required to see whether or not, in the rat, phenotypic differences exist between vascular SMCs from the abdominal aorta and those from the main renal artery and whether they influence the predisposition of each artery to CGA. On the other hand, it may be the consequence of the difference in tissue mass and content in passenger donor-derived hematopoietic cells between aorta and kidney allografts. Indeed, as previously proposed, donor-derived hematopoietic cells contained in the transplanted organs may, by inducing microchimerism in recipients, modulate the development of CGA (25) . Further support to this hypothesis are given by recent studies showing: (i) reduced neointima formation in rat aorta allografts from recipients in which donor-specific mixed hematopoietic chimerism was induced before Tx (26); and (ii) an enhanced intimal proliferation in vessels of rat heart allografts when donor leukocytes were selectively depleted with donor-specific monoclonal antibodies at the time of Tx (7). To assess whether or not this hypothesis applies to the present study would require additional experiments. Apart from these two major hypotheses, the difference in hemodynamic properties, especially the level of shear stress, between aorta and renal arteries could be a contributing factor that deserves consideration.
Another important finding of the present study is the fact that the function of ECs, as measured by the ECmediated vasodilatory effect of Ach, is rapidly (within 2 weeks) impaired post-Tx in both aorta and kidney allografts. This suggests that in both types of allografts, similar mechanisms may be involved for the loss of the EC-dependent control of the vascular tone. We have recently collected preliminary data showing that Tx-induced EC dysfunction in rat aorta allografts (F344-to-LEW) can be prevented by the inhibition of the inducible nitric oxide synthase (iNOS) (Andriambeloson et al., submitted) . If confirmed, these observations could suggest an up-regulation of iNOS expression/activity in graft aortae that is responsible for triggering a specific alteration of EC-derived NO-production and/or NO signaling. Supportive evidence is given by studies demonstrating iNOS up-regulation in rat aorta and solid organ allografts (27) (28) (29) . It is however, well established that in rat aorta, NO is the only known EC-derived relaxing factor (EDRF) (30] , and that in renal arteries other EDRFs such as prostacyclin (PGI2) and endothelial hyperpolarizing factor (EDHF) play an important role in the control of the vascular tone (31) . Such differences may explain why, in the present study, the vasodilatory effect of Ach was rapidly and completely abolished in aorta allografts while it was preserved by approximately 30% up to 33 weeks post-Tx in renal artery allografts. Whatever the mechanism involved, Tx-induced early loss of EC function was observed in other experimental models [i.e. swine heterotopic heart Tx model (32) ] as well as in humans where it occurred within 15 days post heart Tx (22) and can persist up to 2 years post-Tx (21, 33) . Furthermore, EC dysfunction occurring within a few weeks post-Tx was shown to be an early and reliable predictor for the development of CGA within 1 year post-Tx in humans (22) . Taken together, these observations strongly suggest that the renal arteries from rat kidney allografts may be considered as a more relevant model to study Tx-induced EC dysfunction as compared with rat aorta models.
In summary, the present study demonstrates that the Txinduced functional/morphological changes in the vascular SMCs and ECs of F344-to-LEW rat kidney allografts are closer to the clinical situation than those seen in rat aorta allografts. In this model, EC dysfunction is the first and main event occurring long before the appearance of CGA. This strongly supports the hypothesis that EC dysfunction is one of the first steps in the cascade of events leading to CGA.
